Introduction
Nematic liquid crystals offer an interesting possibility of applications in the field of optical data processing [1] . Due to their unique dielectric, elastic, and optical properties, the effective refractive indices of a nematic layer can be modulated by controlled changes of director alignment. Such modulation enables us to form holographic gratings. Several systems have been considered in which the photoinduced director reorientation can be realized. The torque leading to the director reorientation can be caused by optical field [2] , electric field [3] or by intermolecular interactions [4] . Here, we focus our attention on the director reorientation induced by incident light in the nematic material which is doped with suitable photosensitive dye [5] [6] [7] [8] [9] .
Several processes can be distinguished in the observed effects [5] . The possible scenarios which are taken into account involve charge generation, ion transport, charge separation, electric field formation and director field distortion.
Let us consider a nematic liquid crystal layer doped with a photosensitive dye and homogenously aligned by polyimide films deposited on transparent electrodes. Such a system can serve as a diffraction grating. Its principle of operation can be briefly described as follows [7, 8] . The light interference pattern is projected on the layer. The dc voltage U, higher than the threshold voltage for Freedericksz transition U c , is applied between the electrodes. The director field within the liquid crystal is distorted by the electric field due to the voltage drop U LC across the nematic layer. The U LC value depends on the relative magnitudes of the resistivity of the liquid crystal and that of the polymer coating. The former is influenced by external illumination of the layer surface. In the non illuminated regions of the system, the liquid crystal specific resistivity is higher than in the illuminated areas. The corresponding voltage drop exceeds significantly the threshold, U LC >> U c , which gives rise to strong deformation of the director field. On the contrary, in the illuminated regions, the resistivity of the nematic is decreased because of photogeneration of ions, which is due to the presence of the photoexcitable dopant. The U LC value is therefore reduced and the director field deformation is weaker. In consequence, various parts of the layer illuminated with different intensity differ in their effective refractive indices n e eff . Such a system can therefore work as a phase diffraction grating and can be applied for optically addressed real time holography devices. One of the possible mechanisms of charge carriers photogeneration assumes formation of heterolytic complexes resulting from interaction between excited dye molecules and liquid crystal molecules [9] . The number of complexes is proportional to the light intensity. The proportionality constant depends on the dye concentration and on these properties of the dye molecule that decide about its interaction with light wave. The complexes may dissociate into ions, therefore the number of ions is also proportional to the intensity of illumination. The quantitative details of the relation between the ion concentration and the light intensity remain unknown.
In this paper, we present numerical analysis of one dimensional model of a nematic liquid crystal layer doped with a photosensitive dye. We did not consider the details of the photogeneration of the ions. In our calculations, we used the average ion concentration instead of the light intensity, basing on the assumption of the proportionality between these both quantities. Therefore we attributed the high concentration values to bright regions of the layer and the low values to dark regions. The polyimide films were treated as simple ohmic resistors. The calculations concerned the nearly planar nematic layer with finite surface anchoring strength. Our aim was to find the director orientation profiles and spatial distribution of the electric field and of the ionic space charges for various ion contents corresponding to various incident light intensities. In order to characterise the optical properties of the nematic layer we have also calculated its effective extraordinary refractive index. The electric current across the layer was taken into account. For this purpose, we adopted a simplified model of electrical phenomena occurring at the boundaries of the nematic layer as well as the weak electrolyte model of the nematic in the bulk.
Method

Geometry and parameters
The infinite nematic liquid crystal layer of the thickness d = 6.3 µm, parallel to the xy plane of the Cartesian co-ordinate system and positioned between z d = -2 and z d = 2 was considered. The nematic layer was confined between two electrodes coated with 0.1 µm thick polyimide films. The nearly planar alignment with the surface tilt angle q s = 1°was assumed. The anchoring strength W was identical on both surfaces and was equal to 2×10 -5 J/m 2 . The director n was parallel to the xz plane. Its orientation was defined by the angle q(z), measured between n and the x axis. The model substance was characterised by the elastic constants k 11 = 7.5×10 -12 N and k 33 = 9.5×10 -12 N. The positive dielectric anisotropy of the nematic was adopted with the dielectric constant components e || = 12 and e^= 4. The refractive indices were n^= 1.521 and n || = 1.674. These parameters were chosen according to the properties of the liquid crystal 6CHBT (4-trans-4'-n-hexyl-cyclohexyl-isothiocyanatobenzene) [10] . The average ion concentration N av , defined as
where N ± (z) denotes the concentrations of ions of a corresponding sign, ranged from 10 18 to about 3×10 20 m -3 . The calculations were performed for two values of voltage applied between the electrodes, U = 8 V and U = 12 V. These values belong to the range of voltages for which the maximum diffraction is typically observed in the cells with a thickness of a few micrometers. The lower (z = -d/2) electrode was earthed. The voltages across the liquid crystal layer, U LC , were always greater than the threshold U c = 1.023 V. The polyimide coatings with specific resistivity r = 10 10 Wm were considered as ohmic resistors. The transport of the ions in the liquid crystal was characterised by their mobility and diffusion coefficients. It was assumed that the mobility of the positive ions was much smaller than that of the negative ions [11] . Their values used in calculations corresponded to typical results of mobility measurements in various liquid crystals and reflected typical anisotropy of mobility m || -= 1.5×10 -9 m 2 /Vs, m^-= 1×10 -9 m 2 /Vs, m || + = 1.5×10 -10 m 2 /Vs, and m^+ = 1×10 -10 m 2 /Vs [12, 13] . The Einstein relation was assumed for the diffusion constants
re q is the absolute value of the ionic charge, k B is the Boltzmann constant and T is the absolute temperature T = 300 K. The weak electrolyte model [14] was adopted in which the ion concentration was determined by the generation and recombination constants. The generation constant b depended on the electric field strength E according to the Onsager theory [15, 16] 
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Basic equations
The problem is considered to be one-dimensional. The reduced co-ordinate, z = z/d, is introduced in the following. The functions q(z) and V(z) which describe the director orientation and the potential distribution within the layer respectively are determined by the torque equation
and the electrostatic equation 
where
The transport of ions in the bulk is governed by two equations of continuity of the ion fluxes 
for z = ±1 2, where g = Wd k 11 . The boundary conditions for the potential are V(-1/2) = 0 and V U LC ( ) 1 2 = .
In order to establish the boundary conditions for the ion concentrations in the nematic, a suitable model is necessary. As the electrodes are coated with the aligning layers, we assumed that the ions are generated and discharged at the interface between the liquid crystal and polyimide. The equilibrium state at the electrodes is described by four equations. Each equation expresses the fact that the number of ions of the given sign approaching a chosen electrode (or moving away from it) per unit area and per unit time is equal to the net change in the number of ions which results from the generation and neutralisation processes at the electrode. The speed of neutralisation of the ions, n r ± , is proportional to their concentration: n K N r r ± ± ± = and the speed of generation, n g ± , is proportional to the concentra-
= , where K r ± and K g ± are suitable constants of proportionality.
In the case of zero applied voltage, the equilibrium state realises in which
, one can neglect any changes of N d . This enables us to determine K g ± if K r ± and N d are estimated. In general, K g ± and K r ± may be different for each electrode process. For simplicity however, we performed the calculations using common value of K r for all neutralisation processes as well as common value of
for all generation processes at the electrodes.
The rates of generation and neutralisation of the ions at the electrodes can be interpreted in terms of a model in which they are determined by the activation energies j of corresponding electrochemical reactions. For instance, the rate of neutralisation of the negative ion occurring by the transfer of an electron from the ion to the electrode is ex-
, where k r is a constant. Similar formula can be used for the generation rate constant of positive ions occurring by the transfer of an electron from a neutral molecule to the electrode. In general, the energy barriers j can be of different height for every electrode process. The energy barrier is affected by the electric field existing at the electrode, i.e., increased or decreased by Dj = EqL, where L is the thickness of double layer in which the ions are discharged or generated. It is of the order of several molecular lengths. In our calculations L = 10 nm.
As a result of the above assumptions, the boundary conditions take a form
The left-hand sides of these equations represent the fluxes of the ions at the electrodes. The first terms on the right-hand sides denote the numbers of ions which are neutralised and the second terms -the numbers of ions generated at the electrodes in the course of accepting or donating the electron by the neutral molecule.
The calculations were carried out with two values of K r : 10 -6 m/s and 10 -3 m/s , which corresponded to the blocking and conducting electrodes respectively, whereas N d was equal to 10 24 m -3 in every case.
The set of ten equations given by Eqs. 
Results
The calculations were performed for two external voltages, U = 8 V and U = 12 V, and for two values of K r , 10 -6 m/s and 10 -3 m/s , which corresponded to the blocking and conducting electrodes respectively.
Director distribution
There is no sharp threshold voltage for the deformation of the nematic layer due to the non-zero surface tilt angle. Nevertheless, remarkable distortions may arise only if the U LC voltage exceeds some value which is close to U c . The most interesting phenomena occur if U LC >> U c , i.e., when the director is aligned nearly perpendicular to the plane of the layer in prevailing part of its thickness. The structure of the layer is described by the director orientation angle q(z).
The functions q(z) calculated for several U LC voltages are shown in Fig. 1 for U = 12 V. In the case of blocking electrodes, the director profiles are asymmetric [ Fig. 1(a) ], i.e., the deformations are stronger in the negative half of the layer. For conducting electrodes [ Fig. 1(b) ], a slight asymmetry is visible at moderate voltages, e.g., at U LC = 2 V. One can also notice that in the case of the blocking electrodes the deformations develop less rapidly with increasing U LC . Identical results were obtained for U = 8 V if only the U LC values were the same.
Electric field distribution
Large non-uniform electric fields, reaching 2×10 6 V/m, arise in the vicinity of the boundaries, as shown for U = 12 V in Fig. 2 . These fields are stronger in the case of blocking electrodes [ Fig. 2(a) ] than in the case of conducting electrodes [ Fig. 2(b) ]. The E(z) distributions for blocking electrodes are asymmetric, especially at higher U LC . In the case of conducting electrodes, the asymmetry is very weak [ Fig. 2(b) ]. The distributions E(z) obtained for U = 8 V are practically the same. In all the cases, the electric field strength in the bulk is lower than U LC /d.
Ions distribution
The total number of positive ions per unit area of the layer differs from the number of the negative ions. It means that under the action of the external voltage, the layer becomes electrically non-neutral. In the case of blocking electrodes, the ions are accumulated at the opposite electrodes. Their concentrations in the bulk are negligible in comparison with the subelectrode charges. There is an excess of positive ions in this case. The distributions for the case of conducting electrodes are shown in Fig. 3 for U = 12 V. The sign of the excess ions depends on U LC . The N ± ( ) z distributions obtained for U = 8 V are qualitatively the same.
Effective extraordinary refractive index
The optical properties of the layer that are essential for applications in holography can be characterised by the effective extraordinary refractive index defined by Eq. (8) . It may adopt values ranging from n^= 1.521 to n || = 1.672, for ideally homeotropic and undeformed layer respectively. The value of n e eff is determined by the director distribution The concentrations which give the same effect for blocking electrodes are several times higher but they cover somewhat narrower range. Since one may assume that for some range of intensity of the incident light the average ion concentration increases with the intensity, the presented results suggest that the brighter illumination is required in the case of higher external voltages and blocking electrodes than in the opposite case.
Discussion
In this paper, we consider the deformations of the nematic liquid crystal layer induced by dc voltage and light illumination. The liquid crystal layer is placed between polyimide coated ITO electrodes with blocking or conducting contacts and contains ions of various concentrations. Such system can serve as a simplified one-dimensional model of the processes taking place in the liquid crystal cell with holographic grating pattern. In the case of this kind of grating, the bright regions are in close neighbourhood of the dark regions. The deformations in the neighbouring regions are different and interact one upon another. The ion concentrations in these areas are also different and give rise to the transverse electric field as well as to the ionic current. Obviously, the two-dimensional approach would be more adequate for the description of the grating. Nevertheless, one may suppose that the functions q(z)), E(z), and N ± ( ) z found for the one-dimensional case are satisfactory approximation of the analogous functions of the two-dimensional system. Theoretical studies of certain two-dimensional models are reported in Refs. 5 and 17, however, the electric field distribution, as well as the ion concentration distributions were assumed to be sinusoidally varying with the z and x co-ordinates, thus neglecting the effects of ions separation in external field. The liquid crystal layer subjected to the external voltage becomes asymmetric. The asymmetry is manifested in the director field deformations, in the distributions of the electric field and of the ions and also in different contents of the positive and negative ions, which makes the whole layer electrically non-neutral. The only reason for those effects is the difference in the mobilities of the positive and negative ions and, in consequence, in their diffusion coefficients.
While the accumulation of the ions at the blocking electrodes of opposite signs seems to be reasonable, the ions distributions in the case of K r = 10 -3 m/s is less intuitive. These effects result from the complex equilibrium between generation and neutralisation of ions at the electrodes and the dissociation and neutralisation influenced by the electric field in the vicinity of them. The screening effect due to the ions manifests itself by the less rapid dependence of the deformations on the U LC voltage in the blocking case.
The dependence of n e eff on the average ion concentration in the case of blocking electrodes is somewhat stronger in some ranges of N av than in the case of K r = 10 -3 m/s. This may suggest that the n e eff is more sensitive to variations of illumination in the case of blocking boundary conditions, which may result in better diffraction efficiency than in the opposite case.
The presented results reveal that in the case of conducting nematic the properties of the electrode contacts affect the deformation of the liquid crystal and therefore influence the optical properties of the layer. 
